Concrete structures in cold regions are exposed to cyclic freezing and thawing environment, leading to degraded mechanical and fracture properties of concrete due to microstructural damage. While the X-ray micro-/nano-computed tomography technology has been implemented to directly observe concrete microstructure and characterize local damage in recent years, the freeze-thawed damage evolution processes and its effect on overall mechanical performance are not well understood. In this paper, the X-ray nanocomputed tomography technology and micro-scale cohesive zone model are combined to quantitatively investigate microstructural damage evolution and its effect on fracture behavior of freeze-thawed concrete samples in three-point bending tests. A two-level micro-to-macro scale finite element model is developed based on computed tomography microstructural images with microcracks due to freeze-thaw cycles. The macroscopic load-deflection curves and fracture energies are simulated and compared favorably with experimental results. Simulation results demonstrate that microcracks caused by freeze-thaw actions are the primary reason for degradation of concrete mechanical properties. Fracture behaviors of frost-damaged concrete with different mortar and interfacial transition zone strength and fracture constants are also simulated and discussed. The combined X-ray nano-computed tomography technology and cohesive zone model proposed is effective in characterizing fracture behavior of concrete and capturing freezethaw cycle-induced microstructural damage evolution and its effect on fracture process of concrete.
Introduction
Concrete structures in cold regions are exposing to cyclic freezing and thawing environment. The thermomechanical performance and durability of these quasi-brittle materials decrease due to microstructural damage (Kosior-Kazberuk, 2013; Ma et al., 2017) . Evaluating the mechanical performance of concrete subjected to repeated freeze-thaw actions is of great importance to ensure safety of concrete structures.
Mechanical experiments show that the mechanical and fracture behavior of concrete under freeze-thaw cycles is different from that of undamaged concrete. The tensile strength and fracture energy of concrete both decrease as the increase of freeze-thaw cycles (Kosior-Kazberuk, 2013 ) and the area of fracture surface increases (Enfedaque et al., 2014) . Repeated freeze-thaw cycles cause surface scaling and internal damage in concrete, and the latter is considered as the primary reason for degradation of fracture properties. In recent years, using non-destructive techniques such as X-ray computed tomography (CT) to observe microstructure evolution of concrete subjected to freeze-thaw cycles help gain a better understanding of internal damage of concrete on the microand/or meso-scale (Obara et al., 2016; Suzuki et al., 2017; Tian and Han, 2016; Yuan et al., 2016) . Based on X-ray CT images, the internal damage extents of concrete were evaluated by statistical (Suzuki et al., 2017) or fractal (Tian and Han, 2016) methods. However, these investigations focused on the microstructural change of damaged concrete, while the overall fracture process has not been studied based on the microstructure change, which may reveal the mechanisms of how micro-scale damage influences the macroscopic mechanical and fracture properties.
Concrete is heterogeneous (Desmorat, 2016; Wardeh and Toutanji, 2017) and its fracture process is complex, accompanied with microcrack initiation, propagation, branching, and coalescence. Tremendous efforts have been made to model and simulate crack-opening process, such as the cohesive zone model (CZM) (Labanda et al., 2016; Lo´pez et al., 2008) , lattice model (Man and Van Mier, 2011) , rigid body spring method (RBSM) (Gu et al., 2013) , discrete element method (DEM) (Skarzynski et al., 2015; Zhou et al., 2017) , and extended finite element method (XFEM) (Roth et al., 2015) . Among these approaches, the CZM has received more and more attention because it can simulate the entire concrete fracture process from micro-damage to macro-crack (Lo´pez et al., 2008; Wang et al., 2015) . The X-ray CT-based microstructure of concrete can be taken into account to study the influence of microscale characteristics such as aggregate shape and void distribution on the fracturing process (Huang et al., 2015) . Uniaxial tension experiment was simulated using the grid elements, and three-point bending test was modeled (Trawin´ski et al., 2016) . However, only undamaged concrete was analyzed while no initial microcracks were considered in these studies. The entire fracture process of frost-damaged concrete has not been explored based on real microstructural distribution.
This paper aims to study the fracture responses of concrete subjected to freeze-thaw cycles based on the realistic microstructures obtained from X-ray nano-CT images. Finite element (FE) models of concrete samples damaged by different freeze-thaw cycles are developed with consideration of internal microstructural changes in freeze-thaw cycles. The fracture process of three-point bending tests of notched concrete beams is simulated to quantify the macroscopic fracture behavior and its degradation in relation to microscopic damage evolution captured by X-ray CT. The micro-scale CZM is employed to simulate the microcrack initiation process. Influence of internal microcracks in mortar and interfacial transition zone (ITZ) on macrocrack patterns and fracture properties of concrete are paid with particular attention. Finally, a parametric study is performed to investigate the fracture behavior of frost-damaged concrete with different tensile strengths and fracture energies of mortar and ITZ.
Methodology
Multi-scale modeling of concrete subjected to freeze-thaw cycles During freeze-thaw cycles, internal damage of concrete is caused by microstructural defects and their evolution. In this study, the concrete samples of notched beams are taken from the previous study (Chen and Qiao, 2015; Qiao and Chen, 2013; Qiao et al., 2012) . Low-degradation aggregates with a degradation factor of 31 are used in the mixing procedure. The freeze-thaw conditioning of concrete samples is performed according to ASTM C666 Procedure A. After subjected to freeze-thaw cycles, three-point bending tests were carried out on some of the damaged concrete samples, whereas, due to the limitation of experimental conditions, cubic concrete samples were cut from other samples under the same freeze-thaw cycles for CT observation to achieve the statistical consistency of samples. A ZEISS Xradia 410 Versa Nano-CT (Damiani and Sun, 2017; Luo et al., 2018 ) is used to capture the microstructure and internal microstructural damage of concrete due to freeze-thaw cycles. A typical microstructure of damaged concrete obtained from the X-ray nano-CT is shown in Figure 1 (a). In the X-ray CT image of Figure 1 (a), the aggregates have a higher brightness than mortar because of its high density. To avoid tremendous element number in FE analysis, fine aggregates and cement paste are combined to mortar material (Wang et al., 2015) , and only voids with a diameter larger than 0.1 mm are considered. The reconstructed model from CT image is shown in Figure 1 (b) in which voids are painted in white color while microcracks are in red.
The change of microstructure is classified into porosity increase and microcrack initiation and propagation. Based on the statistical analysis of CT images, the porosity after 500 freeze-thaw cycles of considered concrete samples increases by 0.7% (Luo et al., 2018) . A previous study shows that the tensile strength of concrete decreases about 5% when the porosity increases by 1%. However, the fracture load decreases 20% after 500 freeze-thaw cycles in the previous experiments (Chen and Qiao, 2015; Qiao and Chen, 2013; Qiao et al., 2012) . Therefore, it can be assumed that the microcracks are the main reason for driving degradation of overall mechanical properties. The model created based on X-ray CT images without microcracks has similar fracture behavior as concrete before subjecting to the freeze-thaw test. Because the random distribution of microstructural constituents, the crack patterns are different even concrete samples are under the same number of freeze-thaw cycles. To study the influence of microcracks with same aggregate distribution, the FE model is also created by removing initial microcracks in CT images. By comparing the models based on the images with and without microcracks, the influence of internal microstructural damage on crack patterns is captured with the same aggregate and void distributions. Three-point bending test of notched beams is performed to obtain the fracture properties (peak load and fracture energy) of concrete. Because the crack path is strongly influenced by the distribution of aggregates and voids, the mesoscopic components are modeled to achieve an accurate crack path. But there are too many elements if the material heterogeneity in the whole model is considered. Since the heterogeneity of region far from crack path does not impart much influence to the fracture process, the homogeneous material is used in the region far away from crack path so that the number of elements is significantly reduced. In this study, the size of concrete samples is 10 cm high, 7.5 cm thick, and 40 cm long, while the heterogeneous microstructural region is set as 7 cm high and 5 cm long (see Figure 2) . The damage coefficient (with 0 of intact and 1.0 of fully damaged) at the boundary of the heterogeneous region is approximately set as 0, and the trial simulations illustrate that the result does not change after the range of heterogeneous region is enlarged. Therefore, the size of the mesoscopic region (Region 2) with heterogeneity of 7 cm high and 5 cm long as set in Figure 2 is large enough to capture the fracture behavior. The details of the model and FE mesh near notch are shown in Figure 2 as well, where the heterogeneous materials are used in region 2, while a homogeneous material is used in Regions 1 and 3.
The X-ray CT equipment limits the size of scanned samples to about 2 cm to reach a resolution high enough to capture microcracks formed in freeze-thaw cycles. To use small size X-ray CT images in a large cracking area (i.e., 5 cm high in this study), an adaptive multiscale method is proposed, in which the heterogeneous region is modeled by repeated microscale images (Sun and Li, 2016) . In this study, 1000 slices are obtained from CT scan, of which 700 of them are clear. To take into account the random distribution of aggregates and voids, five cropped images of the 200th, 300th, 400th, 500th, 600th slices are used to reconstruct 2D sub-models of concrete microstructures. Further, the sub-models are rotated to random directions and sewed to construct the heterogeneous region.
Traction separation law of cohesive elements
Traction separation-based cohesive elements are introduced in the FE model to simulate the initiation and propagation of microcracks. The elastic modulus of a cohesive element is a penalty number to make strains of cohesive elements discounted before damage appears. Then, as the stress of cohesive elements reaches the criterion based on tensile strength, damage occurs and the modulus of elasticity decreases. When the damage coefficient reaches 1.0, crack appears and cohesive element is removed from the model since it is in total failure. Two kinds of cohesive elements are used. Cohesive elements embedded between every pair of two adjacent mortar elements are used to simulate microcracks and their initiation and propagation within mortar matrix, while cohesive elements embedded between aggregate and mortar elements are used to simulate microcracks and their initiation and propagation in the ITZ.
Softening of cohesive elements is controlled by the traction separation law. There are two typical softening curves for cohesive material, i.e., linear and exponential. The stresses of exponential softening curve decrease to 0 smoothly when cohesive elements fail with a better convergence. On the other hand, it better emulates the strain-stress relationship of concrete in tensile process. Therefore, the exponential softening-based constitutive relationship is adopted in this study. The formula to determine the damage coefficient D is given as:
where f t is the tensile strength, max m is the maximum historic displacement, 0 m and f m are the displacements when damage just occurs (at virgin or intact) and eventually becomes 1.0 (fully damaged), respectively, and is the soft coefficient which is set to be 7.5 to make the slope of the softening curve similar to the bilinear soft curve (Bazˇant and Yu, 2011) . As to the tensile strength and fracture energy in the tangent direction, the same values as in the normal direction are used Trawin´ski et al., 2016) .
The tensile strengths of cohesive elements for mortar and ITZ are obtained by the reverse analysis of load-deflection curves of experimental data and simulated results of a concrete sample before subjected to freeze-thaw cycles. In this study, the obtained tensile strengths of mortar and ITZ are 6.5 MPa and 2.8 MPa, respectively, while the corresponding fracture energies are 212.9 N/m and 48.7 N/m, respectively. The traction separation responses of mortar and ITZ are illustrated in Figure 3 . As shown in Figure 3 , mortar has higher tensile strength and fracture energy than ITZ. The strain in the cohesive elements of mortar, for example, is neglected before the tensile stress in mortar reaches 6.5 MPa. After the tensile stress reaches the tensile strength of mortar, the stress of cohesive elements in mortar decreases as the separation increases. Finally, the traction becomes 0 smoothly and cohesive elements of mortar disappear when the separation reaches 0.12 mm (see Figure 3) . The same procedures are also applied to the cohesive elements of ITZ.
The contribution of cohesive elements to the global stiffness matrix in FE analysis is computed by their effective modulus of elasticity, and whether the strain in cohesive elements is neglected is determined by the effective thickness of cohesive element neglectable to the size of surrounding elements. The effective modulus of elasticity of cohesive element is calculated by
where E a , T c , and T 0 are the modulus of elasticity, thickness, and effective thickness of cohesive element, respectively. Microstructural characterizations show that ITZ has a thickness of 20-50 mm (Basheer et al., 2005) and the modulus of elasticity of ITZ is about 30-50% of that of mortar (Lee and Park, 2008; Lutz et al., 1997) . The strain of cohesive layer (ITZ) is same as separation by setting T 0 to unit length. In this study, the thickness of ITZ is set to be 50 mm, and the elastic modulus of ITZ is set to be 50% of the elastic modulus of mortar. Therefore, with the unit length of 1 mm and according to equation (2), the effective modulus of elasticity of cohesive elements of ITZ is approximately 10 times of that of mortar. In terms of cohesive elements for mortar, the modulus of elasticity should be large enough to make the strain of cohesive elements of mortar neglectable. The simulation convergence is influenced by the chosen effective modulus of elasticity (Lin et al., 2017) , and the extremely large effective modulus of elasticity of cohesive element can create difficulty in computational convergence. In this study, the modulus of elasticity of mortar is 20 GPa, and the average element size of mortar is 1 mm. Therefore, an effective modulus of elasticity of 1000 GPa means the thickness of cohesive elements is 0.02 times the surrounding elements, which is small enough to make its strain neglectable.
For regions far from the crack region, homogeneous concrete is used to simplify the calculation. The mechanical properties of undamaged concrete are adopted according to the mechanical properties of hardened concrete at 28 days. The modulus of elasticity of mortar is taken as 20 GPa according to a previous study (Huang et al., 2016) . The elastic modulus of aggregate is obtained by the inverse analysis.
After 500 cycles or 1500 cycles, the modulus of elasticity of concrete decreases dramatically. The modulus of elasticity of concrete in homogeneous regions needs to be updated. The numerical tensile tests for x and y directions are conducted to determine the modulus of elasticity for homogeneous but damaged concrete. The modulus of elasticity of concrete in homogeneous regions is the average value of different slices calculated from where i is the slice index, x, y are the tensile directions, and n is the total number of slices. The results of uniaxial tensile tests are given in Table 1 . It can be found that the modulus of elasticity of concrete in homogeneous regions decreases as the number of freeze-thaw cycles increases. Because the crack distributions in x and y directions are different, the modulus of elasticity values in homogeneous regions thus become diverse. Based on the modulus of elasticity values of different slices, the modulus of elasticity values of concrete in homogenous regions at 500 and 1500 freeze-thaw cycles are 19.4 GPa and 14.5 GPa, respectively.
Load application and calculation of fracture energy
The loading rate of three-point bending experiment of notched beams is set as 0.6 mm per minute, and the test is terminated when the applied load is less than 66 N, which is approximately the same as the weight of the concrete beam sample. In the simulation, the load is applied by controlling the displacement at the loading point. The final displacement is 0.6 mm when the reaction force is about 132 N, which is the sum of self-weight of beam sample and terminated load of the experiment. Then, the simulated load-deflection curves are drawn and translated downward by 66 N to eliminate the work done by the self-weight of the concrete beam sample. The modeling procedure can be concluded as follows. First, internal microcracks due to freezethaw cycles were observed by CT and heterogeneous region of the beam was modeled from CT images, as shown in Figure 2 . Homogeneous region was further added to construct the whole sample for three-point bending test. After that, the notch at the mid-span was cut from the model. Homogeneous regions were meshed with triangular concrete elements, while the heterogeneous region was meshed with triangular mortar elements and triangular aggregates elements. Subsequently, cohesive elements for ITZ were inserted between aggregates elements and mortar elements, and cohesive elements for mortar matrix were inserted between mortar elements. No cohesive elements were inserted inside aggregates and at the interface between the heterogeneous region and the homogeneous region because the damage in those regions is neglectable. Finally, joint constraints were applied at the bottom of the sample as shown in Figure 2 , while the load was simulated by controlling the displacement at the center point of the top surface.
The tensile strength and fracture energy are used to characterize fracture performance of concrete. The fracture energy is the consumption of energy per unit area during fracture. The calculation of fracture energy from three-point bending tests follows the procedure recommended in RILEM (RILEM, 1985) . The fracture energy is composed of three components: (1) work done by the applied load at loading point, which is equal to the area below the measured load-deflection curve, (2) work done by self-weight, and (3) residual energy to make the sample fully separate after (Qiao et al., 2012) . The fracture energy is calculated as
where W 0 is the area under the load-deflection curve, P 1 is the weight of the sample, 0 is the final deflection of the test, and A is the area of concrete above the notch at the mid-span of the concrete beam sample. The load-defection curve was obtained by measuring the applied load and displacement at loading point. The maximum applied load is the peak load of the sample. Meanwhile, the fracture energy can be obtained according to the area of the load-deflection curve and the weight of the sample using equation (4).
Results and discussion

Verification of proposed method
The validity of the developed CZM is first evaluated. Three-point bending test of notched concrete beam sample at 0 freeze-thaw cycle is simulated. The average size of elements in the heterogeneous region is 1 mm. The FE model includes 45,000 plain-strain triangular elements and 17,000 cohesive elements. The geometry and FE model are schematically shown in Figure 2 . The load-deflection curves by the experimental and FE simulation results with 0 freeze-thaw cycle are shown in Figure 4 . As shown in Figure 4 , the curves of experiment and simulation match well. The peak loads for experimental and simulated results are approximately same, and the minor discrepancy is the result of different shape and distribution of aggregates and voids. The fracture energies of experimental and simulation results are 165 N/m and 160 N/m, respectively, demonstrating a good agreement. Because of the use of low-degradation aggregates, the fracture energy is larger than the one of concrete with normal aggregates (Chen and Qiao, 2015) . The crack patterns at different loading stages (given in term of displacement) are shown in Figure 5 (a)-(c). Since the tensile strength of ITZ is lower than that of mortar, the damage first initiates in ITZ above the notch. There are no extensive cracks when the sample reaches its maximum peak load capacity. As the load (via the applied displacement) continues increasing, the damage coefficient of cohesive elements of ITZ reached 1 and cohesive elements of ITZ are then removed. Finally, the thickness of undamaged concrete is about 4 mm when the simulation is terminated.
Influence of microstructural damage on crack pattern and fracture property
The microstructures of concrete subjected to 500 and 1500 freeze-thaw cycles obtained from nano X-ray CT are used in the FE model to study the influence of microcracks formed during freeze-thaw cycles on the overall mechanical and fracture behavior. The X-ray CT scan results show that there are lots of microcracks in concrete samples when subjected to 500 and 1500 freeze-thaw cycles. The peak load of three-point bending test of notched concrete beam (see Figure 2) at 500 freeze-thaw cycle ranges from 1380-1690 N, decreased about 25% compared with one at 0 freeze-thaw cycle. While after 1500 cycles, the peak load decreases to 40% of its initial value. The concrete sample under 500 freeze-thaw cycles is a typical sample of concrete whose fracture performance is partially damaged by freeze-thaw cycles, while concrete sample under 1500 freeze-thaw cycles is a typical sample of concrete severely damaged by freeze-thaw cycles. This section simulated the fracture process of concrete under 500 and 1500 freeze-thaw cycles to study the influence of microstructural damage on crack patterns and fracture properties.
The simulated crack process after 500 freeze-thaw cycles of two models of without and with inclusion of initial microcracks is shown in Figure 6 . The results of the simulation model without inclusion of initial microcracks are shown in Figure 6 initial microcracks are depicted in Figure 6 (e)-(h). The aggregates and voids distributions of the two models are identical. As shown in Figure 6 , crack initiates from the notch for both the models. However, when the external load reaches 0.6 mm, the directions of the main crack in two models differ. For the model with inclusion of initial microcracks, because the stress field is significantly influenced by microcracks, the crack usually initiates from tips of microcracks and then combined with other microcracks to form the main crack (see Figure 6 (e)-(h)). As a result, the final main crack is composed of initial microcracks locally. On the other hand, the area of damage region increases after the increasing freeze-thaw cycles. Because the stress concentrates at the tip of initial microcracks, the damage initiates at the tip of microcracks before the stress in the undamaged area reaches the tensile strength. Therefore, the influence of microcracks on main crack propagation patterns is explained as: (1) Because of inclusion of the initial microcracks in the FE model, the damage initiates from tips of microcracks, and the path of the main crack propagation is influenced by existence of microcracks and therefore is along the orientations of microcracks. (2) Since the initial microcracks form the partial paths of the final main crack, the energy required to separate the sample decreases.
The simulation results of notched concrete beams subjected to 0, 500, and 1500 freeze-thaw cycles are given in Figure 7 and Table 2. In particular, for the case without initial microcracks (Figure 7(a) ), the three curves under different freeze-thaw cycles have similar peak load and fracture energy values; while in the load-deflection curves in Figure 7 (b) which is for the model with inclusion of initial microcracks due to freeze-thaw cyclic actions, the peak load and fracture energy values are quite distinguished from each other and decrease significantly with the increasing number of freeze-thaw cycles. By comparing Figure 7 (a) and 7(b), it proves that the simulation model without considering initial microcracks (shown in Figure 7(a) ) is not capable of capturing accumulated damage effect caused by cyclic freeze-thaw actions, while the model with inclusion of initial microcracks obtained from the nano X-ray CT images (see Figure 7 (b)) shows that the peak load decreases 20% and 40% at 1000 and 1500 freeze-thaw cycles, respectively, which match well with the experimental results (Chen and Qiao, 2015; Qiao and Chen, 2013; Qiao et al., 2012) . Therefore, the microcracks are the reason for decrease of tensile strength after certain number of freeze-thaw cycles. The results for the peak load and fracture energy from the experiment and simulation are given in Table 2 . As shown in Table 2 , a good agreement of peak loads between the experiment and simulation with consideration of initial microcracks is reached. The difference of fracture energy values between the experiment and simulation is due to the result of a numerical error of the tail part in the load-deflection curve (Figure 7(b) ). Though the peak load in the simulation with inclusion of initial microcracks decreases much, the slope of elastic portion of load displacement curves decreases as well due to reduction of the modulus of elasticity, leading to almost the same deflection at peak load for different freeze-thaw cycles. Comparing the crack patterns (paths) of concrete under different numbers of freeze-thaw cycles, as the number of freeze-thaw cycles increases, the direction of Figure 7 . Influence of initial microcracks on load deflection curves and crack patterns. main crack paths changes obviously (see Figure 7 (b)) and the path becomes more detoured or twisted. When the concrete samples are damaged by freeze-thaw cycles and more microcracks are present, the macrocrack (main crack) is the combination of initial microcracks and developed cracks, leading to decreased fractured area in macro crack path. In the comparison of peak load evolutions of simulations with and without considering initial microcracks in Figure 7 (c), the simulated peak load considering initial microcracks better reflect the decrease of peak loads due to freeze-thaw cycles and the predicted peak load values match well with the experimental results. It is noted that there is a fluctuation of simulated peak loads when cycle number increases for simulation of concrete without initial cracks in Figure 7 
Parametric study
To investigate the influence of initial cracks caused by the repeated freeze-thaw cycles on fracture properties of concrete with different strength, a parametric study is conducted. 100%, 80%, 60% of the initial values of mortar tensile strength (T M ), ITZ tensile strength (T ITZ ), mortar fracture energy (G f,M ), or ITZ fracture energy (G f,ITZ ) are used as inputs in the cohesive elements. In each case, only one of the four considered parameters is different from its initial value.
The load-deflection curves of concrete with different mortar tensile strength (T M ) are shown in Figure 8 . As shown in Figure 8(a) , for the undamaged concrete (at 0 freeze-thaw cycle), the peak load decreases slightly, while the fracture energy of concrete (G f ) increases. Meanwhile, their crack patterns differ from each other when the mortar strength changes. Since fracture energy of these samples remains about the same value, the energy required per unit crack area is same. However, when the mortar tensile strength decreases, the crack path changes. This leads to the change of crack area. Therefore, the fracture energy of concrete (G f ) fluctuates with the varying tensile strength of mortar. When the strength of mortar goes down to 80% of its initial value, the enlarged crack area causes the fracture energy of concrete increased by 20 N/m, reaching to 183 N/m. However, the fracture energy keeps the same value when the strength of mortar continues reducing to 60% of its original value since the crack area does not change. By comparing the load-deflection curves of concrete subjected to 500 freeze-thaw cycles in Figure 8(b) , the load-deflection curves of concrete with 80% and 60% of mortar tensile strength are similar, and at the same time their crack patterns keep unchanged. The crack pattern changes when the mortar tensile strength decreases from 100% to 80%, which makes it drop faster than the other two cases. Similar trend is observed for the loaddeflection curves subjected to 1500 freeze-thaw cycles as shown in Figure 8 (c).
The crack patterns at peak load of undamaged concrete with 100% and 80% mortar tensile strength are illustrated in Figure 9 . The damage depths of the two cases in Figures 9(a) and 9(b) are almost identical. However, at the middle height of the damaged area, the damage path changes from ITZ to mortar as the mortar tensile strength decreases by 20%. The material tensile strength is considered as the criterion when damage appears, and concrete with lower mortar tensile strength tends to have more microdamage initiating in mortar when subjected to local tensile stresses. This makes it easy to form main crack in mortar. Because of higher fracture energy of mortar than ITZ, the macro fracture energy of concrete (G f ) increases when crack path switches from ITZ to mortar.
It can also be found that the influence of mortar tensile strength on peak load increases as crack appears. The peak load is controlled by ITZ tensile strength in concrete before freeze-thaw action. Cracks initiate from the tip of microcracks in ITZ during freeze-thaw cycles (Sicat et al., 2014) . When ITZ is damaged with microcracks during freeze-thaw cycles and therefore loses its tensile strength, mortar became more critical in carrying external loads. The load-deflection curves of concrete with different ITZ tensile strength (T ITZ ) is shown in Figure 10 . As shown in Figure 10 , the fracture energy of concrete (G f ) fluctuates because of the change of total area under the load-deflection caused by the main crack. On the other hand, the influence of ITZ tensile strength on peak load becomes weaker because more ITZs are initially damaged as the number of freeze-thaw cycles increases.
The influence of fracture energies of mortar and ITZ is demonstrated in Figures 11 and 12 , respectively. The load-deflection curves of concrete with different fracture energies of mortar and ITZ are almost parallel to each other. In addition, the influence of fracture energies of mortar and ITZ on the load-deflection curves is independent of microcracks, leading to similar crack patterns. The fracture energies of mortar and ITZ affect the fracture energy required to fracture mortar and ITZ, but they have little influence on damage initiation. Therefore, the crack patterns of concrete with different fracture energies of mortar and ITZ keep almost identical.
Concluding remarks
In this paper, the X-ray CT technology and micro-level CZM are combined to quantitatively investigate microstructural damage evolution and its effect on the fracture behavior of concrete samples subjected to 0, 500, 1500 freeze-thaw cycles. Based on the results of numerical simulations and their comparisons with the experimental data, the following concluding remarks are reached:
(1) The predicted peak loads match well with the experimental results in three-point bending of notched concrete beam samples. The existence of microcracks in the heterogeneous region in front the notch crack is the primary reason for the decreased fracture energy of concrete when subjected to cyclic freeze-thaw environments. The combined X-ray CT and CZM approach is an effective way to characterize the effect of freeze-thaw cycle-induced microcracks on the fracture behavior of concrete. (2) The crack patterns are strongly influenced by microcracks formed in freeze-thaw cycles. The crack path changes from straight to more detoured or twisted one due to the existence of microcracks in concrete caused by freeze-thaw cycles. Less fracture energy is needed to fracture concrete because the proportion of initially cracked cohesive elements to simulate microcracks in mortar and ITZ along the main crack path increases. (3) The tensile strengths of mortar and ITZ influence the crack initiation, and they have a strong effect on the crack pattern. However, the effect of fracture energies of mortar and ITZ on the crack pattern is minor. The fracture energies of mortar and ITZ determine the fracture energy dissipated on main crack, and their magnitudes have a linear influence on the load-deflection relation. The mortar tensile strength becomes more critical on the peak loads of concrete after freeze-thaw cycles because more microcracks originally exist in ITZ than mortar and the weakening of mortar by its tensile strength leads more crack propagating in mortar.
In summary, the combined X-ray CT image and CZM approach proposed is effective in characterizing the effect of microstructural damage evolution (i.e., increased microcracks obtained by nano X-ray CT) on fracture behavior of concrete due to freeze-thaw actions. The micro-level CZM is capable of revealing the effect of microcracks in mortar and ITZ on peak load, fracture energy and crack pattern of concrete subjected to different freeze-thaw cycles.
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